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e organic circuits based on
precisely aligned single-crystal arrays
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In this paper, we demonstrate high-performance organic logic circuits based on precisely controlled

organic single-crystal arrays. Well-aligned microrod shaped 2,7-dioctyl[1]benzothieno[3,2-b][1]

benzothiophene (C8-BTBT) single-crystal organic thin-film-transistors (OTFTs) were fabricated via

solvent mediated molecular tailoring with a polymeric sacrificial layer, exhibiting saturation mobility of >2

cm2 V�1 s�1. Using this approach, precise placement of organic crystal arrays in a controlled orientation

was successfully achieved, enabling the fabrication of OTFT-based inverter circuits with a gain of 1.37 (V

V�1). Furthermore, it was demonstrated that, by varying the number of single-crystal microrods, the

device dimension and corresponding circuit performance can be modulated. A high-performance

inverter operation with various interdigitating single-crystal microrod arrays can thus be achieved.
Introduction

Noteworthy progress in organic electronics has been made to
satisfy various demands such as precise patterning, high-
performance, and organic circuit applications, in order to
realize next generation displays and electronics.1–3 Moreover,
the solution processing of organic semiconductors has been
considered a promising candidate for large-scale fabrication at
low temperatures and at relatively low cost. This has ensured its
widespread application in electrical circuits.4,5 Accordingly, it
has been reported that solution-processed organic thin lm
transistors (OTFTs) and various OTFT-based circuits continue
to improve device properties, including mobility and maximum
gain, which ensures a functionality on par with their inorganic
counterparts.6,7 Given that solution processing is a promising
candidate for high-performance organic electronics, the
formation and molecular properties of single crystalline struc-
tures are being actively investigated, primarily because of their
efficient charge transport properties and environmental
stability.4,8,9

TIPS-pentacene is widely studied and employed as an
organic material for single crystal formation and charge trans-
port within its molecular structure.10 In addition, single crystal
phases formed from polycrystalline lms through the reorga-
nization of organic molecules under solvent-ambient
ing, Chung-Ang University, Seoul, 06974,

r

search Center, The Argonne-Northwestern

University, Evanston, Illinois, 60208, USA

cs, Hanyang University, Ansan, Gyeonggi-

nkim@hanyang.ac.kr

hemistry 2018
environments have been reported as contributing to improve-
ment in device performance.11 Electrical characteristics of OSC-
based TFTs have thus noticeably improved, which promotes
interest toward diverse OSC-based circuit applications.3,12,13 For
instance, a complementary inverter based on p- and n-type
OTFTs was fabricated using the droplet-pinned crystallization
(DPC) method for single crystallization. It showed excellent
voltage transfer characteristics with a high gain of 155 (V V�1).3

Although considerable efforts have been made in the devel-
opment of single crystal growth methodologies and theoretical
investigation of the charge transport phenomenon, fabrication
and relevant simulation of OSC-based circuits with varying
device dimensions is a relatively unexplored area.14–17 Well-
dened device dimensions are highly important in circuit
application, since circuit performance parameters such as gain
can be adjusted by changing both the geometry and the elec-
trical properties of active devices.

Reorganization of organic molecules under a solvent-rich
environment is a promising technology because it can easily
be translated into large-area OSC fabrication. In addition, by
utilizing a surface-modied polymer sacricial layer, spatially
controllable 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT) OSCs can be positioned on a substrate for subse-
quent device fabrication in a scalable manner. Therefore, our
developed method can be employed to fabricate high-
performance OSC-based circuits and evaluate their operation
with an assistance of a circuit simulator.

In this article, we fabricated a C8-BTBT OSC-based inverter
composed of a driver and loader whose effective channel
dimensions were quantitatively dened by the photochemical
molecular tailoring of PMMA and subsequent vapor annealing.
OSC arrays and their corresponding devices were successfully
RSC Adv., 2018, 8, 17417–17420 | 17417
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fabricated at the desired locations, thereby resulting in high
mobility and large drain current. Consequently, we demon-
strated that our quantitative modulation of OSCs is signicantly
effective in tuning the voltage transfer characteristic (VTC) of
the OSC inverter and that the conguration of circuit geometry
is consistent with simulation results.
Experimental

For the fabrication of microrod-OSC TFTs and inverter circuits,
borosilicate glass (Eagle 2000, JMC glass) was used as the
substrate. For gate electrodes, 5 nm of chrome and 35 nm of
gold were thermally deposited onto the glass substrate and
patterned using a conventional photolithography process. A 100
nm-layer of aluminum oxide was formed as the gate dielectric
using the atomic layer deposition (ALD) technique. Then, the
polymeric sacricial layer (poly(methyl methacrylate), PMMA,
A4 950, MicroChem) was spun and annealed at 180 �C for
20 min. For photochemical patterning of the sacricial layer, we
carried out deep-UV irradiation from a low-pressure mercury
lamp (LPML, main peak of 254 nm with 90% and 185 nm with
10%) onto the PMMA layer using a quartz photomask under
nitrogen purging for 30 min. In this step, the side chains of the
DUV-exposed regions of the PMMA layer underwent dissocia-
tion and cross-links were formed between the backbones and
neighboring molecules. This resulted in reduced solubility to
the solvent vapor and diffusivity of organic molecules relative to
pristine PMMA. The fabrication of selective patterning in the
PMMA layer has been schematically depicted in Fig. 1(a).
Fig. 1 Schematics of (a) DUV-irradiation process under nitrogen
purging and (b) a single-microrod device structure. (c) FE-SEM image
of one side of the microrod-OSC. The scale bar represents 3 mm. (d)
XRD spectrum of the OSC arrays. (e) CPOM images of the microrod-
OSC devices for single (left) and quintuple (right) arrays. White scale
bars represent 20 mm.

17418 | RSC Adv., 2018, 8, 17417–17420
A 0.5 wt% of C8-BTBT solution was prepared by dissolving
the powder in chlorobenzene followed by spinning of the
solution onto the pre-patterned PMMA layer at 3000 rpm for
20 s. Selective single crystalline formation in a microrod struc-
ture and the spatial control of arrays were achieved using the
solvent vapor annealing (SVA) process. The FE-SEM image and
X-ray diffraction (XRD) spectrum were obtained using SIGMA
(Carl Zeiss) and D8-Advance (Bruker-ASX) instruments, respec-
tively. For the source and drain electrodes, 5 nm of molyb-
denum trioxide (MoO3) and 50 nm of gold were sequentially
deposited. The nal device structure for a single-microrod is
schematically depicted in Fig. 1(b). The electrical properties of
the devices and circuits were measured in a dark box at room
temperature using a semiconductor parameter analyzer (4156C,
Agilent). The serial capacitance of PMMA/Al2O3 was 24.35 nF
cm�2. The width and length of the OSC were measured by
optical microscopy.

Results and discussion

The VTC of an inverter depends on the properties of the drive
and load transistor, such as device dimensions and electrical
characteristics, which consequently affect the maximum gain of
the circuit. In order to validate the tunability of the channel
dimension by the quantitative modulation of OSC arrays, we
fabricated OSC TFTs based on single-microrod crystal arrays. As
reported in our previous study, multi-aligned OSC arrays can be
easily fabricated by the photochemical molecular tailoring
method described previously.18 Using this technique, single
crystalline microrod arrays of C8-BTBT were successfully ob-
tained in a predened area. To identify the molecular structure
and single crystal phase of OSC arrays, we carried out FE-SEM
and XRD analysis as shown in Fig. 1(c) and (d), respectively.
The FE-SEM image clearly reveals that the top surface of the
microrod OSC is planar and the facet angle of the growth
direction is 105�. The narrow peaks of the XRD spectrum also
suggest a high degree of crystallinity in the microrod OSC
arrays, which is consistent with the molecular structure
observed in previous studies.11,18 In addition, we analyzed cross-
polarized optical microscopy (CPOM) images, in which bright
color in the OSC region typically corresponds to high crystal-
linity. The results can be seen in Fig. 1(e).

We found that the effective channel width and length are 5
mm and 20 mm, respectively for single-microrod TFT, and 25 mm
and 20 mm, respectively for quadrupled OSC array TFTs. Since
OSCs are completely isolated from each other and from adja-
cent devices, the ability to selectively congure OSCs is advan-
tageous in preventing crosstalk between neighboring devices.
This offers a protable approach to appropriate operation and
excellent performance of organic circuits.

Fig. 2(a) and (b) show the representative transfer character-
istics of microrod-OSC TFTs. Although both devices have shown
almost identical eld-effect saturation mobilities of 2.91 cm2

V�1 s�1 for the single OSC and 2.77 cm2 V�1 s�1 for the quin-
tuple OSC array (the linear mobility is 1.36 cm2 V�1 s�1 for the
single and 1.18 cm2 V�1 s�1 for the quintuple at VD¼�10 V), the
drain currents dramatically increased (by almost 5-fold) when
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Transfer characteristics of (a) the single-microrod device and
(b) the quadrupled OSC array device. The gray solid line represents
leakage current. The on-state current values at VGS ¼ �30 V are (a) 2.7
mA and (b) 12.1 mA.
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the channel width throughout the precisely controlled multi-
rod arrangement was increased. Despite the fact that the
devices generally suffer from relatively high contact resistance
(veried by output characteristics reported in previous studies)
possibly due to the large thickness of C8-BTBT OSC (approxi-
mately 200 nm) and our top-contact device structure, the
tunable drain current and high saturation mobility make this
device a promising building block for logic circuit application.

Fig. 3(a) shows a schematic diagram of a microrod-OSC
inverter, which includes multi-aligned p-type microrod-OSC
TFTs for the loader and driver. To congure the enhancement
load of the inverter, the gate electrode was connected to the
supply voltage (VDD). High maximum gain of an inverter can be
achieved by modulating the ratio of channel width to length for
the loader and driver TFTs. The loader was designed to exhibit
a higher aspect channel ratio than the driver. As mentioned
above, the number of multi-aligned OSCs can be quantitatively
modulated for single and quintuple microrod arrays. Also, the
length of microrod-OSCs can easily be varied by photochemical
Fig. 3 (a) Schematic of a microrod-OSC inverter structure. (b) CPOM
image of a microrod-OSC inverter. Bright regions depict OSC arrays.
White scale bar represents 100 mm. (c) Voltage transfer characteristics
for each supply voltage and (d) gain curve for amicrorod-OSC inverter.

This journal is © The Royal Society of Chemistry 2018
patterning of the sacricial layer. For example, in this study,
OSC arrays were produced at predened locations, with a 200
mm-long microrod-OSC array for the 100 mm-long loader
channel and a 100 mm-long microrod-OSC array for the 20 mm-
long driver channel. As a result, the effective device dimensions
of the loader (TL) and the driver (TD) were readily controlled (W
¼ 5 mm and L ¼ 100 mm for the loader, W ¼ 15 mm and L ¼ 20
mm for the driver). Fig. 3(b) shows the CPOM image of the
fabricated inverter with microrod-OSC arrays.

Fig. 3(c) depicts the voltage transfer characteristic (VTC) of
the microrod-OSC inverter. The input voltage ranged between
�20 and +20 V while VDD of�5,�10,�15, and�20 V were used.
VO is diminished to VDD - VTH because the enhancement mode
OTFT was used as the loader for the inverter. However, the noise
margin of the VTC is large enough for logical operations at each
value of VDD owing to the high aspect ratios (kD/kL) of TD and TL.
Also, the inverter shows nearly negligible hysteresis. As a result,
a maximum gain of 1.37 (V V�1), dened as |dVO/dVIN|, was
obtained at a VDD of �20 V as shown in Fig. 3(d), which is quite
a high gain for an enhancement load.

In order to investigate the feasibility of device dimension
manipulation, we quantitatively modulated the channel width
of TL by controlling the number of aligned microrod-OSCs. The
VTC of the inverter for an enhancement load is mainly dened
by the effective resistance, which is related to the width-to-
length ratio of the TL. First, we conducted a simulation study
of TL channel width modulation. In our microrod-OSC inverter,
the width of the single-microrod-OSC is around 5 mm. We
initially set 15 mm as the effective channel width of TL (with
a triple microrod-OSCs array), and then reduced it to 5 mm,
which resulted in an increase in aspect ratio (kD/kL) from 6.6 to
20.0. As shown in Fig. 4(a), the increase in gain was observed in
the simulation, along with a decrease in TL channel width from
1.25 to 1.47 mm. In the case of our microrod-OSC inverter, as we
expected, VTC was tuned and gain increased from 1.31 to 1.86
when the number of aligned OSCs was varied, as shown in
Fig. 4(b). This result agrees well with our simulation result.
Therefore, we can retain the logical inverting operation in the
almost full swing range, securing higher gain by quantitative
Fig. 4 VTC and gain curves of (a) a simulation and (b) a microrod-OSC
inverter. The legends given in (a) and (b) represent aspect ratio (kD/kL),
which is varied by modulation of TL channel. When the TL width
decreases, aspect ratio increases. The maximum gains ranged
between 1.25 and 1.47 in (a) and between 1.31 and 1.86 in (b). The insets
of (a) and (b) are scaled up from �12 V to �4 V on the X-axis.

RSC Adv., 2018, 8, 17417–17420 | 17419
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modulation of inverter geometry. Our results indicate that the
number of OSCs can be readily manipulated using simple
surface tailoring methodology, which provides high electrical
performance in organic circuit applications.

Conclusions

C8-BTBT microrod-OSC arrays were precisely manipulated at
the desired locations by the spatial photochemical modication
of polymeric sacricial layers and subsequent solvent vapor
annealing. Based on the experimental results, high-
performance organic TFTs can be fabricated using a control-
lable alignment of OSC arrays. Moreover, we successfully
implemented simple logic circuits using the multi-aligned
microrod-OSC arrays for load and drive TFTs. The inverter
circuits with enhancement load demonstrated excellent
switching operation, with gain more than 1 (V V�1) by the
successful loading of 200 mm-long microrod-OSCs in the TL

channel and 4-fold of 100 mm-long microrod-OSC arrays for the
TD channel. Therefore, we believe that the precise control of
high-performance OSCs in the desired area will offer greater
tunability in organic circuit design, enabling their wider utili-
zation in high-performance organic electronics.
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